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The evolution of budding in metazoans is not well understood on a mechanistic level, but is an
important developmental process. We examine the evolution of coloniality in ascidians, contrasting the
life histories of solitary and colonial forms with a focus on the cellular and developmental basis of the
evolution of budding. Tunicates are an excellent group to study colonial transitions, as all solitary larvae
develop with determinant and invariant cleavage patterns, but colonial species show robust develop-
mental ﬂexibility during larval development. We propose that acquiring new stem cell lineages in the
larvae may be a preadaptation necessary for the evolution of budding. Brooding in colonial ascidians
allows increased egg size, which in turn allows greater ﬂexibility in the speciﬁcation of cells and cell
numbers in late embryonic and pre-metamorphic larval stages. We review hypotheses for changes in
stem cell lineages in colonial species, describe what the current data suggest about the evolution of
budding, and discuss where we believe further studies will be most fruitful.
& 2012 Elsevier Inc. All rights reserved.Introduction
Studies of life histories are often theoretical descriptions of the
selective forces that govern evolutionary transitions. Many stu-
dies have measured ﬁtness tradeoffs between alternative forms or
modeled the selective pressures that promote or prohibit a given
type of life history modiﬁcation, but few have attempted to
reconstruct the developmental mechanisms that allow the evolu-
tion of these alternative adult forms (Buss, 1983; Felix and
Barriere, 2005; Grosberg and Strathmann, 2007; Michod, 1999;
Okasha, 2005; Ransick et al., 1996; Rutherford et al., 2007;
Yajima, 2007). Most of the existing data on developmental change
associated with life history evolution comes from comparative
work on indirect and direct development in sea urchins and
ascidians. In these taxa the developmental modiﬁcations and
heterochrony that result in direct development, i.e., loss of the
pluteus larva in urchins or loss of the tail of the tadpole larva in
solitary ascidians, have been documented and studied in mole-
cular and cellular detail (Jeffery and Swalla, 1992; Sly et al., 2003;
Swalla and Jeffery, 1996).ll rights reserved.
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. Brown).Developmental biology need not be conﬁned only to studying
the molecular and cellular interactions that occur during the
lifetime of an organism. Understanding the general importance of
developmental modiﬁcation(s) in evolution requires comparative
study of closely related taxa with different modes of development.
Here we describe this comparative evolutionary approach in the
context of life history evolution in ascidians, by comparing the
embryonic and germ cell lineages between solitary and colonial
ascidians and envisioning how changes in fates or commitment of
cells may facilitate the evolution of coloniality. These ontogenetic
changes can either facilitate or restrain certain adult phenotypes,
behaviors, or modes of reproduction providing an additional source
of variation, often disregarded, at the population or species level
that then undergo evolutionary processes of selection.
To understand the limits that development places on phenotypic
evolution we ﬁrst describe the mechanisms that cause cells to
become co-opted into different functions during development. This
process has constraints because cell lineages are determined in
spatial position, timing, number, and by interaction with other cells
(Azevedo et al., 2005). Changes in cell lineages and cell fates during
development can be cell-autonomous (within the cell) or non-
autonomous (outside the cell). Autonomous modiﬁcations include
differential partitioning of cytoplasmic determinants during cell
division and regulatorymodiﬁcations of gene expression in particular
cells, e.g., P-lineage speciﬁcation by asymmetric cell divisions in
C. elegans zygotes (Go¨nczy and Rose, 2005). Non-autonomous
modiﬁcations include general or lineage speciﬁc changes that can
F.D. Brown, B.J. Swalla / Developmental Biology 369 (2012) 151–162152affect rates of cell division or the timing of cellular fate determina-
tion, e.g., induction of neural and surface eye epithelia by Pax-6 via
Fibroblast Growth Factor (FGF) and Bone Morphogenetic Protein
(BMP) signaling in vertebrates (Donner et al., 2006). Autonomous
and non-autonomous mechanisms can result in changes in the fate
determination of existing cell lineages during development, or in the
differentiation of novel cell lineages from multipotent stem cells.
Constraints on the scope of developmental modiﬁcations may
bias the course of phenotypic evolution, or result in contingencies
where one evolutionary novelty sets the stage for another in a
stepwise manner. We propose that increases in egg and larval size
associated with brooding opened previously inaccessible path-
ways to coloniality in ascidians by changes in the timing of
speciﬁcation of embryonic and adult stem cell lineages, facilitat-
ing the evolution of a new life history. The details of these
developmental modiﬁcations may allow insights into how and
why coloniality evolved in tunicates. Box 1.Box 1–Glossary of tunicate budding and stem cell terminology
Aggregate stolonial budding: Highly modified budding in pelagic tun
Each stolon consists of undifferentiated tissue on its proximal end, a
towards its distal end (Fig. 2H) (Toselli and Harbison, 1977).
Brooding: Act of incubating the zygote either in specialized organs
may be either viviparous or ovoviviparous.
Commitment: Aspect of the intrinsic cell or tissue region which
(Slack, 1991).
Determination: Irreversible commitment of a cell or tissue region
Embryonic stem cell (ESC): Pluripotent stem cell lineage derived f
ascidians, but may be present in colonial species.
Peribranchial budding: Budding in colonial stolidobranch ascidian
outer epithelia surrounding the branchial sac and integration of mes
referred as palleal or lateral budding (Fig. 1E,F and 2A).
Pyloric budding: Budding in colonial aplousobranch ascidians
simultaneously developing buds in the epicardial region at the bas
differentiate into a new branchial sac and fuse to the old abdomen,
branchial sac, thus forming two new individuals (Fig. 1D and 2G).
Progenitor cell: Generic term for any dividing cell with the capacit
has not yet been demonstrated (Smith, 2006).
Progenitor stem cell: Any dividing cell with the capacity to self re
Precursor cell: Generic term for cells without self-renewal ability
Potency: The range of commitment options available to a cell (S
lineage commitment or determination.
Pluripotent: Able to form all cell lineages of the body, including ge
1964), or ESCs in mammals (Smith, 2006).
Multipotent: Can form multiple lineages that constitute an entire
Unipotent: Forms a single lineage. Ex. Germline stem cells.
Reprogramming: Increase in potency. Occurs naturally in regener
Stem cell: A cell that has the ability to undergo an asymmetric di
precursor, and another one with a more restricted fate. The presence
stem-cellness.
Stolon: Vasculature that connects individuals of colonial ascidian
vasculature of botryllid colonies, the stolon contains in its lumen
directional blood flow.
Stolonial budding: Budding in colonial aplousobranch and phlebo
the stolon, the septum is involved in the budding process (Fig. 1B a
Strobilation: Budding in colonial aplousobranch ascidians (e.g., A
posterior-abdominal end of individuals (Fig. 1C).
Of abdomen (Type I): Results from epidermal constrictions
abdominally located epithelium (Fig. 2E).
Of abdomen and postabdomen (Type II): Results from epiderm
but gut tissues only in the branchial-most buds (Fig. 2F).
Terminal budding: Budding in colonial phlebobranch ascidians (e.
pelagic bud composed of epidermis and mesendodermal tissue, su
Vascular budding: Budding in colonial stolidobranch ascidian
encapsulation of blood derived cells by vascular epithelia at sporad
tunic (Fig. 1E and 2B).
Zooid: An individual of an ascidian colony.Evolution of colonial life histories in tunicates
Evolutionary transitions from solitary to colonial tunicates (Fig. 1)
are accompanied by multiple morphological, developmental, and
reproductive changes, such as miniaturization of individual body size,
brooding, and primarily asexual reproduction by budding (Davidson
et al., 2004; Zeng et al., 2006). Phylogenies based on both morpho-
logical and molecular data suggest that the Tunicates are monophy-
letic (Fig. 2). The Tunicata includes Appendicularia, Stolidobranchia
ascidians (Fig. 1E and F), Phlebobranchia ascidians (Fig. 1A and B),
Aplousobranchia ascidians (Fig. 1C and D), and Thaliacea (Stach and
Turbeville, 2002; Swalla et al., 2000; Tsagkogeorga et al., 2009; Turon
and Lopez-Legentil, 2004; Zeng et al., 2006). The earliest tunicate
fossil records date back the Cambrian or earlier (Fedonkin et al.,
2012), however limited fossil evidence and unresolved clades in the
phylogeny of tunicates makes it difﬁcult to infer the directionality of
life history transitions in many groups of colonial ascidians, but thereicates (Thaliacea: Salpidae) of a side chain structure called a stolon.
nd a chain of aggregates of buds that become more differentiated
/tissues or simply within cavities of the organism; ascidian species
causes it to follow a particular pathway of development or fate
. Heritable after cell division (Slack, 1991).
rom early cleavage embryos. They are not likely present in solitary
s (e.g., Botryllus, Botrylloides) derived from an evagination of the
endoderm and blood cells surrounding the branchial basket. Also
(e.g., Didemnum, Diplosoma) derived from two opposite and
e of the endostyle or oesophagus of an individual. One bud will
and the other differentiates to a new abdomen that fuses the old
y to differentiate. Includes putative stem cells in which self-renewal
new and differentiate.
that contribute to tissue formation (Smith, 2006).
mith, 2006). ‘Restriction of potency’ can be acquired by either cell
rm cells. Ex. Perophora adult lymphocyte-like blood cell (Freeman,
tissue or tissues. Ex. Hematopoietic stem cells (Smith, 2006).
ative organisms (dedifferentiation) (Smith, 2006).
vision giving rise to one cell for self-renewal identical in fate to its
or acquisition of these features in a cell is generally referred to as
s that are generally separated in their own tunic. In contrast to the
a single layered epithelium, i.e., the septum that allows a two-
branch ascidians (e.g., Perophora) that occur at regular intervals of
nd 2D).
plidium) that occur from constriction of pieces that detach at the
that form buds which contain gut tissues and epicardium, an
al constrictions that form buds which always contain epicardium,
g., Perophora) that occurs at the tip of the stolon by the release of a
ch as the septum (Fig. 1C).
s (e.g., Botryllus, Botrylloides, Symplegma) that occur as an
ic sites of vessels connecting the zooids embedded in a common
F.D. Brown, B.J. Swalla / Developmental Biology 369 (2012) 151–162 153is at least one case within tunicates where morphological and
phylogenetic evidence suggest a directional transition to coloniality
from a solitary ancestor (Zeng et al., 2006), i.e., the Botryllinae
cladeþMetandrocarpa spp.þDistomus variolosus, Stolonica socialis,
and Polyandrocarpa misakiensis clade within the Stolidobranchia
ascidians (Fig. 1E and F, underlined in Fig. 2I). Within this mono-
phyletic group, asexual peribranchial (PB, Fig. 2A) and vascular
budding (VB, Fig. 2B) are common. In contrast, there are a variety
of other types of budding found in distantly related colonial tunicates,
such as stolonial budding in the Phlebobranchia (SB, Fig. 2D),
strobilation (SI, SII, Fig. 2E and F) and pyloric budding (PYB, Fig. 2G)
in the Aplousobranchia, or aggregate stolonial budding in the
Thaliacea (ASB, Fig. 2H). The robust phylogeny of stolidobranch
ascidians allows us to compare the speciﬁcation of embryonic cell
lineages between closely related solitary and colonial species within
this clade (Brown and Swalla, 2007). The transition to coloniality
likely evolved brooding as a preadaptation (Fig. 2) in this group, as the
monophyletic sister group to the colonial Stolidobranchia includes
the solitary brooder Dendrodoa grossularia (Van Name, 1945) and the
laboratory conditional brooder Polycarpa pomaria (Berrill, 1950; Svane
and Young, 1989). In the Phlebobranchia (Fig. 2) brooding as a
preadaptation for coloniality remains unclear as the solitary brooders
of the genus Corella are highly derived and contain highly specialized
egg modiﬁcations (Lambert and Lambert, 1978; Lambert et al., 1995),
however a recent 18S rRNA phylogeny based on secondary structure
models place the colonial Clavelinidae as the sister group to the
Corellidae that include solitary brooders (Tsagkogeorga et al., 2009).
We present evolutionary scenarios of developmental modiﬁcations
involved in the evolution of coloniality, and discuss similar evolu-
tionary scenarios for the development of related colonial species of
tunicates where available phylogenies are less robust.Solitary ascidians
Embryonic lineages in solitary ascidians
Cell lineage analyses carried out by Edwin G. Conklin at the turn
of the 20th century showed that solitary ascidian embryonic
development is determinate (Fig. 3). The fate of each blastomere
results from the reorganization and sublocalization of maternal
determining factors following fertilization (Conklin, 1905). Conklin
identiﬁed a subcellular region of yellow cytoplasm (myoplasm) in
the fertilized egg that is later segregated into muscle and progenitor
germ cells (PGCs) in tadpole larvae (Conklin, 1905). Conklin’s
ﬁndings have since been investigated by modern cell lineage tracing
techniques and molecular biology, allowing detailed study of the
cell–cell interactions required for the fate determination of each
larval and adult cell lineage (Fig. 3A) (Nishida, 2005; Swalla, 2004).
We know that both mechanisms within cells and between cells are
responsible for ascidian embryonic cell fate determination (Jeffery
and Swalla, 1992), and that a more deterministic development and
invariant bilateral cleavage is found in solitary ascidians when
compared to other animals (Nishida, 1987; Nishida and Satoh,
1983, 1985, 1989; Zalokar and Sardet, 1984). Conklin’s observations
in Styela partita have been compared to other species, and solitary
ascidian embryos show a remarkably conserved pattern of develop-
ment, including cell lineages and fate maps (Fig. 3A) (Jeffery and
Swalla, 1992). The similarity in early development across distantly
related solitary ascidian species indicates a conserved common
ancestral pattern of developmental fate in early embryos of the
tunicates. Fig. 3 presents fate maps and cell lineages in embryos of
solitary ascidians, for more detail see: (1) ANISEED (http://anisee
d-ibdm.univ-mrs.fr/) maintained by P. Lemaire, IBDM Luminy, and
(2) Fate Map Ascidian Body Atlas FABA (http://chordate.bpni.bio.
keio.ac.jp/faba/1.1/top.html) maintained by Kohji Hotta, KeioUniversity. Within this context, we propose that variations from
an ancestrally similar developmental program occurred in embryos
across the tunicates, both solitary and colonial, and that these are
spatially and developmentally constrained. Therefore, variations
from the ancestral program are most likely restricted to the timing
of fate determination of the cell lineages during embryonic,
metamorphic, or adult development.
Germline in solitary ascidians
The germline is one of the ﬁrst lineages to be determined in
many (but not all) animal embryos. In solitary ascidians, a specia-
lized type of cytoplasm (myoplasm) in the egg contains maternal
determinants of muscle and germ cells (Fujimura and Takamura,
2000). Subsequent asymmetrical cleavages take place and form the
ﬁrst progenitor germ cells (PGCs) form in the posterior region of the
early embryo (Fig. 3, green) (Brown and Swalla, 2007; Shirae-
Kurabayashi et al., 2006). Transcripts associated with the germline
throughout ascidian development are vasa, an early germline
marker that has been used to identify germ cells across the
metazoans, and ascidian speciﬁc pem-1 (Brown and Swalla, 2007;
Mochizuki et al., 2001; Patalano et al., 2006; Shirae-Kurabayashi
et al., 2011, 2006). Vasa is an ATP-dependent RNA helicase that is
important for the assembly of the germ cells, and for maintaining a
stable accumulation of germline speciﬁc mRNAs and chromosome
condensation for mitosis in PGCs (Linder and Lasko, 2006; Pek and
Kai, 2011), whereas Pem-1 is a component of the germplasm that
prevents somatic differentiation by the repression of mRNA tran-
scription in the nuclei of PGCs (Kumano et al., 2011; Shirae-
Kurabayashi et al., 2011). In addition to the early segregation of
maternal factors and the asymmetrical division in the gastrula
leading to the PGCs (Shirae-Kurabayashi et al., 2011, 2006), embry-
ological experiments have elucidated alternative origins of PGCs in
the absence of the original germline. Surprisingly, ablation of the tail
in a solitary species containing vasa positive PGCs induces the
formation of a new pool of vasa expressing cells in the juvenile
after metamorphosis (Takamura et al., 2002). Therefore, germ cells
are usually derived from the embryonic PGCs in solitary ascidians,
but can be replaced by an unidentiﬁed compensatory mechanism,
also found in other metazoans, if the original pool of germ cells is
removed. Plastic mechanisms of germ cell compensation after PGC
disruption have also been noted in echinoderms and amphipods
(Ransick et al., 1996; Voronina et al., 2008). These results point to
the presence of plastic developmental programs operating in asci-
dian germ cell formation.
Adult lineages in solitary ascidians
Early embryonic patterning up to the gastrula stage in solitary
ascidians appears to be conserved and plesiomorphic. Tunicates
have unusual bilateral cleavage, leading to a highly determinate
mode of development with similar distributions and organization
of maternal factors of the egg (Fig. 3B). In fact, maternally derived
determinants of early blastomere lineages are key for the estab-
lishment of the major germ layers of the embryo and larval
tissues (Nishida, 2005; Prodon et al., 2007; Sardet et al., 2005).
The major genetic interactions in the establishment of the
ascidian embryo have been reported at a gene regulatory level
(Imai et al., 2006). Current knowledge in genetic networks allows
us to explore blastomere-speciﬁc modiﬁcations that may reveal
changes in the speciﬁcation of larval and adult tissues. In spite of
morphological and developmental similarities between tunicate
and vertebrate larvae, adult tissues exhibit a strong modularity of
genetic networks involved in their speciﬁcation (for a review on
this topic read Lemaire et al., 2008). Networks provide putative
interactions of genes that can ultimately be functionally tested in
Fig. 1. Solitary and colonial ascidians of the three orders that show different modes of budding. (A) and (B): Phlebobranch ascidians. (C) and (D): Aplousobranch ascidians.
(E) and (F): Stolidobranch ascidians. (A): Solitary phlebobranch Ascidia cf. sydneinsis next to orange coral polyp from El Pelado Island, Santa Elena, Ecuador; scale bar
corresponds to 10 mm (B): Colonial phlebobranch Ecteinascidia styeloides from Bocas del Toro, Panama with individual zooids (z) and buds (b) interconnected by
characteristic stolons (s); scale bar corresponds to 5 mm. (C): Colonial aplousobranch Aplidium glabrum (purple colony above) with many zooids embedded in a common
tunic, small holes are the buccal openings and large holes are shared cloacal openings; and Cystodites dellachiajei (gray colony below), with zooids that contain large
calcareous disc-like spicules that confer the whitish-grey color to each zooid; specimens were found in El Pelado Island, Santa Elena, Ecuador; scale bar corresponds to
5 mm (D): Undescribed blue colored colonial aplousobranch from El Pelado Island, Santa Elena, Ecuador with characteristic pyloric budding (pb) between the thorax and
abdomen of zooids; branchial sacs of zooids are blue, but newly budded branchial sacs appear darker in pigmentation; calcareous spicules in the tunic are shown; scale bar
corresponds to 500 mm. (E): Colonial stolidobranch Symplegma brakenhielmi (left) show separate white-emerald zooids embedded in common tunic, i.e., each zooid
contains its own buccal and atrial opening, buds (b) generally develop in vessels surrounding zooids; and colonial stolidobranch Botrylloides nigrum (right) also show
zooids (z) embedded in common tunic that are closely attached to each other and share common cloaca (not shown), buds (b) develop laterally and in close association to
zooids, i.e., palleal budding; specimens collected in Bocas del Toro, Panama; scale bar corresponds to 5 mm. (F): Colonial stolidobranch Polyandrocarpa cf. tincta from
Oyster cultures at CENAIM in San Pedro, Santa Elena, Ecuador show highly independent zooids (z) and buds (b) that generally develop close to each other but are not
embedded in a common tunic; scale bar corresponds to 10 mm. Cartoons of budding modes are shown for each colonial species in (A)–(F), and are used in Fig. 2. b¼bud,
pyb¼pyloric budding, s¼stolon, z¼zooid. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. Budding types and the evolution of coloniality in tunicates. Budding has been classiﬁed according to the position of bud and origin of germ layers (Nakauchi, 1982;
Ruppert et al., 2004; Toselli and Harbison, 1977): blue¼ectoderm, red¼mesoderm, orange¼mesendodermal tissues, yellow¼endoderm, gold¼epicardium (controversial germ
layer origin). (A): Peribranchial budding (PB). (B): Vascular budding (VB). (C): Terminal budding (TB); the septum (s), an epithelial sheet within the lumen of the extra-zooidal
vasculature, is shown. (D): Stolonial budding (SB). (E): Type I strobilation of the abdomen (SI). (F): Type II strobilation of abdomen and postabdomen (SII). (G): Pyloric budding
(PYB); dashed line separates the two precursor zooids that result from pyloric budding. (H): Aggregate stolonial budding (ASB); the stolon-like structure is shown. (I): Phylogeny
of tunicates with corresponding types of life histories and budding (based on Turon and Lopez-Legentil, 2004; Zeng et al., 2006); Major clades are in gray boxes, and species with
conﬂicting positions are shown in dashed lines; Species names in bold face are referred to in the text, and underlined species names form a clade in which a directional transition
to coloniality within the Stolidobranchia has occurred; Note that brooding occurs in all colonial species, and at least in two clades of solitary species; Diagrams in gray show
presence of brooding or budding (shown in (A)–(H)) in the different clades, and asterisks (n) in budding types of Thaliacea represent modiﬁed peribranchial and stolonial
budding. ASB¼aggregate stolonial budding, bb¼branchial basket, bc¼blood cell, e¼epicardium, en¼endostyle, ep¼epidermis, g¼gut, me¼mesendoderm, mu¼muscle,
oz¼oozoid, PB¼peribranchial budding, PYB¼pyloric budding, s¼septum, SB¼stolonial budding, SI¼strobilation type I, SII¼strobilation type II, TB¼terminal budding,
VB¼vascular budding. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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elements of the networks most likely include developmentally
relevant genes that play a role in the determination of the
different germ layer and tissues during early development.Tunicates undergo the most dramatic metamorphosis in all of the
Chordata. During metamorphosis many larval tissues and organs are
resorbed and undergo programmed cell death in solitary ascidians,
and the chordate-like body plan of the larvae metamorphoses into a
Fig. 3. Ascidian cell lineage and fate maps. (A): Developmental cell lineage of solitary ascidians; Only lineages that persist through adulthood are colored corresponding to
larval and juvenile tissue types; Cell identiﬁcation names of the 110-cell stage embryo, and tissues of tailbud larvae and juveniles are drawn into the corresponding
lineage; Apoptotic lineages during metamorphosis are noted by a þ; Note that the majority of embryonic lineages undergo cell death during metamorphosis. (B): Fate map
of a 110-cell gastrula stage embryo including cell precursors names of lineages that will contribute to both larval and juvenile tissues (in color). (C): Fate map of a tailbud
stage embryo including tissue names of progenitor and precursor lineages that will contribute to juvenile tissues and organs (in color). (D): Juvenile tissues and organs are
labeled and colored following their precursor color identity shown in (A)–(C). Color codes used to highlight the different germ layer derivatives: yellow¼endoderm;
red¼mesoderm; purple, light blue, brown¼mesenchyme; and green¼germ cells. (B)–(D): Illustrations of early gastrula, tailbud, and juvenile modiﬁed from Hirano and
Nishida (1997); Hirano and Nishida (2000). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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body plan architecture in the juvenile during metamorphosis requires
interactions, coordination, and reprogramming of progenitor cell-
lineages, and programmed cell death of larval organs and tissues.
Ectodermally derived epidermal organs, mesodermally derived mus-
cle, and sensory organs important for the development of the larvae
are lost during metamorphosis (Fig. 3, black) (Jeffery, 2002). By
integrating lineage-tracing studies (Hirano and Nishida, 1997, 2000)
with cell death experimental assays (TUNEL) through metamorphosis
(Jeffery, 2002), we have compiled a generalized representation of the
embryonic lineages contributing to the adult ascidian (Fig. 3A and D).
Unlike development in other animals where cell death is common in
lineages of all germ layers during development, in ascidians cell death
appears to be preferentially restricted to ectodermal and mesodermal
derivatives during metamorphosis (Fig. 3, black). Thereafter, endo-
dermal cell lineages (Fig. 3, yellow) and endomesodermal mesench-
yme (Fig. 3, blue and purple), found within the head of the tadpole
larva, persist throughmetamorphosis and are responsible for building
most of the adult tissues and organs (Fig. 3).Colonial ascidians
Embryonic lineages in colonial ascidians
Colonial ascidians, like most colonial bilaterians (Davidson
et al., 2004; Strathmann, 1990), brood their eggs and embryos
until the tadpole larvae are nearly ready to settle (Jeffery and
Swalla, 1992). Cell lineage regulation and speciﬁcationmechanisms in colonial ascidians thus remain to be elucidated
because brooding behavior makes these studies difﬁcult. How-
ever, scarce descriptions of early embryogenesis in Stolidobran-
chia colonial ascidians: botryllid ascidians (Brown et al., 2009b;
Milkman, 1967; Mukai et al., 1987), Distomus variolosus, and
Stolonica socialis; Phlebobranchia colonial ascidians: Perophora
listeri; and Aplousobranchia colonial ascidians: Clavelina lepadi-
formis and Archidistoma aggregata show that, in spite of differ-
ences in the timing of cleavage and tadpole larvae development of
these species (Berrill, 1935), a conserved early embryonic clea-
vage likely occurs across colonial ascidians. Therefore in all
ascidian species studied so far, early holoblastic cleavage pattern-
ing of the zygote results in a bilaterally symmetric embryo after
the ﬁrst cleavage, cleavage then is stereotypical, developing into a
pregastrula that consists of 10 notochord, 8 muscle, 12 mesench-
yme, 14 neural, 10 endodermal, and 26 ectodermal precursor cells
similar to solitary ascidians (Berrill, 1935).
Differences in embryo patterning of solitary and colonial
ascidians ﬁrst become apparent in the gastrula and postgastrula
stages. During gastrulation in free spawning solitary species, the
invagination of the mesendoderm at the vegetal pole is highly
stereotypical across the different groups of solitary tunicates
(Berrill, 1935; Sherrard et al., 2010; Swalla, 2004). In contrast, in
colonial ascidians, gastrula stages show a range of differences in
modes of gastrulation, which include combinations of embolic
and epibolic movements, or extreme cases of strict epibolic
movements, found only in the aplousobranchs Didemnum spp.
and Diplosoma listerianum (Berrill, 1935). Within related colonial
ascidians epiboly and invagination during gastrulation show
F.D. Brown, B.J. Swalla / Developmental Biology 369 (2012) 151–162 157some similarities (Berrill, 1935). Since epibolic movement during
gastrulation is related by varying degrees of yolk, homology
claims of this character should be made with caution. It has been
well documented in other animals that brooding has a direct
effect on the increase of egg size (Elinson, 1989; McEdward and
Morgan, 2001). In addition, some species of solitary ascidians that
have evolved larval brooding (Fig. 2) also show epiboly during
gastrulation, such as the ovoviviparous Dendrodoa grossularia,
which conﬁrms that the relationship of divergent gastrulation
patterns is highly correlated with brooding and larger egg size,
rather than life history per se (Tarjuelo and Turon, 2004).
During the evolution of coloniality an increase in cell divisions
after gastrulation may have allowed the development of progeni-
tor cells – progenitor cells are dividing precursor cells with the
ability to self-renew (Smith, 2006) – available for larval and adult
tissue differentiation (Berrill, 1935). Differences in colonial cell
lineage regulation are mostly found in numbers of cell divisions
after gastrulation, resulting in different numbers of speciﬁc cell
types in the large colonial larvae (Berrill, 1935; Jeffery and Swalla,
1992). Colonial ascidian larval tails in some species, such as
Ecteinascidia turbinate, contain up to 30 times more muscle cells
than solitary species Ciona intestinalis (Jeffery and Swalla, 1992).
The change in cell lineages in the tail are thought to be due to the
fact that the brooded colonial egg and larvae are much larger than
solitary species (Berrill, 1935; Jeffery and Swalla, 1992). In larger
eggs increased cell division in speciﬁc cell lineages after gastrula-
tion leads to higher numbers of cells in many tissues of the
tadpole larvae. Time and lineage fate dependent FGF signaling as
a regulatory mechanism for increased or decreased cell divisions
in the ascidian gastrula has recently been reported (Fujikawa
et al., 2011). Therefore, one non-autonomous modiﬁcation to
allow increased cell divisions in brooded colonial ascidian
embryos is likely mediated by the upregulation of FGF signaling.
We can generalize that all brooding colonial ascidians contain
relatively larger larval sizes than non-brooding solitary ascidians,
which highlights that larger larval size results in higher larval cell
numbers in colonial ascidians. However, the stolidobranch vivi-
parous colonial species Botrylloides spp. have small eggs but big
tadpole larvae compared to other botryllids (Berrill, 1935; Berrill,
1947), which shows an unusual case of substantial growth during
development by maternal investment. In this species, the embryo
is brooded in a pouch within the vascular lumen of the parental
colony (Okuyama et al., 2002). We hypothesize that increased
numbers of progenitor stem cell numbers are correlated to higher
number of cells in the tadpole larvae of colonial ascidians, but
whether the increased proliferation in the late embryos is FGF
signaling mediated remains to be tested.
In many colonial ascidians adultation is evident in the larval
stages. As larvae, most colonial ascidians undergo premature
differentiation of adult tissues in the head of the tadpole. Inter-
estingly, the position where these tissues differentiate corre-
sponds to the localization of endodermal, and mesenchymal
progenitors in the head of solitary ascidian tadpole larvae
(Hirano and Nishida, 2000), suggesting that adultation is an effect
of heterochrony, in which differentiation of adult structures
occurs earlier but from the same endodermal and mesenchymal
progenitor cells found in solitary ascidians (Fig. 3A). Heterochrony
in lineage differentiation that leads to adultation in colonial
ascidians can be facilitated by the length of development found
in brooding colonial ascidians (Berrill, 1935; Cavey, 1973). Long
cell cycle durations during development can be hazardous due to
the relatively longer exposure to environmental insult that can
increase the probability of lethal mutation acquisition or proteins
misfolding or other post-transcriptional defects of RNA and
protein in progenitor and precursor lineages. Silencing of gene
expression, modulation in the timing of transcription ortranslation, and correction of replication errors are ways evolu-
tion can counteract environmental damage in embryonic cells
due to the slower development of brooding organisms
(Strathmann et al., 2002). As discussed earlier, modiﬁcations that
are most likely relevant to the evolution of coloniality within the
tunicates will occur in changes of endodermal and mesenchymal
cell lineages preferentially. We will discuss some of the possible
scenarios of how heterochronic shifts in development of certain
lineages may lead to the evolution of coloniality in ascidians.
Germline in colonial ascidians
Detailed embryonic germline determination studies for colo-
nial ascidians are sparse and have proved difﬁcult due to the
brooding behaviors of colonial ascidians. However, we have
studied early vasa localization in one species of colonial ascidian,
the stolidobranch Botryllus schlosseri (Brown et al., 2009b).
Maternal transcripts of Botryllus schlosseri-vasa (bsvasa) aggregate
within the egg immediately after fertilization, and become loca-
lized to the vegetal pole of the egg before the ﬁrst cleavage, then
its distribution follows the typical posterior cell lineage pattern
described for vasa in solitary ascidians (Brown and Swalla, 2007;
Kawamura and Sugino, 1999; Shirae-Kurabayashi et al., 2006).
Therefore, colonial ascidians have a germplasm localized in the
same location in the egg and early embryos as in solitary eggs that
are much smaller in size.
The conserved early patterning of germ plasm localization
between solitary and colonial ascidians is only observed in early
stages of development, i.e., up to the early tailbud. During late
tailbud and tadpole stages vasa is found be have distinct expression
patterns in the two botryllid species studied so far. B. schlosseri
tadpoles have variable numbers of vasa expressing cells in the trunk
region (Brown et al., 2009b), whereas B. primigenus tadpoles show a
complete absence of vasa expression (Kawamura and Sugino, 1999).
This difference in vasa expression between the two species prevail
post metamorphosis as B. schlosseri colonies upregulate the expres-
sion of the transcript and maintain a substantial amount of
circulatory vasa expressing cells in young colonies (Brown et al.,
2009b), whereas B. primigenus has been reported to contain scarce
vasa positive cells in the circulatory system of the colonies
(Kawamura and Sugino, 1999). A difference in the proliferation of
vasa expressing cells in the different species is therefore regulated
during the tadpole larval stage, but the species speciﬁc-effect on the
development of the colonies is still unknown.
During the development of the bud in adult colonies of
stolidobranch Botryllinae ascidians, the germ cells originate from
circulatory cells that colonize the buds at an early stage of
development (Mukai and Watanabe, 1976; Rinkevich et al.,
2007). There is a stage when some cells, including some mitotic
cells similar to spermatogonia (Izzard, 1968) and oocytes, aban-
don the gonad of the zooid, move into the bloodstream, and
migrate into the gonadal space of the developing asexual bud
(Mukai and Watanabe, 1976; Sabbadin, 1970). Migratory PGCs
from the zooids not only migrate into the gonads of the develop-
ing buds; they also can migrate and take over the gonadal spaces
of chimeric partners of Botryllus schlosseri (Stoner and Weissman,
1996). The germline during budding cycles in colonial ascidians
can be identiﬁed by cell expression studies of vasa and other
molecular markers in adult colonies of botryllid ascidians (Brown
and Swalla, 2007; Brown et al., 2009b; Rosner et al., 2009;
Sunanaga et al., 2006). For a detailed and comparative review
on vasa and other germline marker expression in cells circulating
within the bloodstream of the colonial ascidians see Kawamura,
et al. (2011). Colonial ascidians contain germline maternal factors
that are localized after fertilization in the embryo and contributes
to the formation of germ cells, as occurs in most solitary
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in circulatory cells outside the gonads of colonial species.
In summary, cell lineages in ascidian embryos and larvae may
be more plastic than previously thought, especially in colonial
species. Some early cell lineages, as discussed above for the
germline compensation in solitary ascidians, can be committed
to differentiate into a particular tissue, but can change fates if
induced from other lineages experimentally. An appealing
hypothesis to explore is that coloniality in ascidians may simply
be an extreme case of fate commitment without determination in
different cell lineages and stem cells. Commitment strictly refers
to the property of cells to follow a particular fate, whereas
determination is generally believed to be an irreversible commit-
ment of a particular cell (Smith, 2006). Next, we will discuss the
developmental and evolutionary ﬂexibility of those lineages that
remain through adulthood and propose some models that show
likely transitions and developmental changes in these lineages
during the evolution of ascidian coloniality.
Adult lineages and asexual reproduction in colonial ascidians
The different budding types in colonial ascidians are reviewed
elsewhere (Nakauchi, 1982; Tiozzo et al., 2008), and summarized
in Figs. 1 and 2. Attempts have been made to classify the different
types of budding according to ecological or functional roles by
ecologists, in contrast to their ontogenic origins of the buds by
morphologists (Nakauchi, 1982; Tiozzo et al., 2008; Turon, 2005).
Lineage tracing studies during budding in tunicates are rare; yet
there are histological descriptions for two colonial species,
including Botryllus schlosseri (Burighel and Cloney, 1997) and
Polyandrocarpa misakiensis (Kawamura and Sugino, 1999), which
have provided evidence for the developmental origin of tissue
types in the buds. When the budding types are mapped onto a
tunicate phylogeny, we can make inferences on the origin of
asexual reproduction for some of the major ascidian groups.
Within the Stolidobranchia (Fig. 1E and F), the Botryllinae evolved
the ability to reproduce asexually by peribranchial (PB, Figs. 1E, F
and 2A) or vascular budding (VB, Figs. 1E and 2B). Peribranchial
and vascular budding usually derive from an evagination of the
ectodermally derived epithelia (blue), and endodermally and
mesodermally derived cells and tissues (orange) (Manni and
Burighel, 2006; Tiozzo et al., 2008). In Phlebobranchia (Fig. 1B),
stolonial (SB, Fig. 2D) and terminal buddings (TB, Fig. 2C) were the
budding modes that evolved for asexual reproduction. Here, the
septum, an epithelium derived either from mesoderm or endo-
derm (orange) located within the stolons, is known to be involved
in bud formation (Freeman, 1964; Kawamura et al., 2008). Within
the Aplousobranchia (Fig. 1C and D), type I abdominal (SI, Figs. 1C
and 2E) and type II abdominal and postabdominal strobilation
(SII, Figs. 1C and 2F), or pyloric budding (PYB, Figs. 1D and 2G)
have evolved as means of asexual reproduction. Strobilation is a
specialized type of budding that requires the constriction and
separation of abdominal and postabdominal parts of zooids that
can undergo differentiation into buds and eventually new zooids
(Nakauchi, 1982). Type I strobilation (SI, Figs. 1C and 2E) occurs in
parts of the abdomen of the zooids that contain both an endo-
dermally derived epithelium normally found within the pharyn-
geal cavity, also known as epicardium (dark yellow), and digestive
tissues (yellow); whereas type II strobilation (SII, Figs. 1C and 2F)
occurs from postabdominal parts containing epicardium only
(Fig. 2). In contrast, pyloric budding (PYB, Figs. 1D and 2G) is a
simultaneous abdominal differentiation of two opposite buds
(dark yellow) of the digestive tract of a zooid, that differentiate
into new thoracic and abdominal portions respectively, to ulti-
mately form two complete zooids. Finally, the Thaliaceans show
very modiﬁed types of budding unrelated to budding in its sisterclade: the Aplousobranchia (Fig. 1B, C and 2I). Species in this
group can reproduce asexually by modiﬁed peribranchial/epicar-
dial budding, as occurs for the Pyrosomida (Godeaux et al., 1998;
Ruppert et al., 2004), modiﬁed stolonial budding, such as aggre-
gate stolonial budding (ASB) found in the Salpida (Fig. 2H)
(Ruppert et al., 2004; Toselli and Harbison, 1977), or budding
from specialized threadlike structures, such as the cadophore,
connecting functionally specialized zooids in the Doliolida
(Godeaux et al., 1998; Paffenhoeffer and Gibson, 1999; Ruppert
et al., 2004). However, the unique evolution of aggregate stolonial
budding and the other highly complex and modiﬁed budding
types in this colonial group may be the result of a pelagic life
history. The adult body plans of different groups of colonial
tunicates have also undergone substantial independent changes
that are not observed in the typical solitary ascidian adult body
plan, such as the evolution of abdominal and postabdominal
structures in different groups of Aplousobranch ascidians.
Importantly, a common feature that can be observed in the
different modes of budding in the tunicates is the contribution of
endodermal and mesenchymal tissues to development of the new
bud (Manni and Burighel, 2006; Tiozzo et al., 2008). In one study,
a particular population of mesenchymal cells has been implicated
as the sole progenitor stem cells of bud development through a
series of rescue experiments of irradiated colonies (Freeman,
1964). Taken together, we emphasize the endodermal and
mesenchymal lineages as being the main tissues driving the
evolution of budding in tunicates, whatever their source.
Evolution of both solitary and colonial life histories in tuni-
cates must have been accompanied by developmental changes
that triggered embryonic and larval heterochronic shifts in
speciﬁcation states of adult progenitor stem cell lineages, result-
ing in dramatic changes following metamorphosis. We hypothe-
size that colonial ascidians evolved the ability of asexual
propagation by means of modifying developmental processes to
allow lineages and stem cells in the adult to contribute to the
different processes of budding observed in colonial ascidians.Evolutionary cell lineage modiﬁcation models
Embryological representations of cell lineages in solitary
ascidians (Fig. 4A) and colonial ascidians (Fig. 4B–D) deﬁne cell
features that occur speciﬁcally along each lineage. Solitary asci-
dians contain a highly conserved early determinate development
and cell lineage (Prodon et al., 2007; Sardet et al., 2005). In
contrast, we discuss three models of early cell lineage regulation
in colonial ascidians that may have evolved independently during
the evolution coloniality. In Fig. 4, we show stem cells within a
particular lineage during development with two opposing circular
arrows, that represent the characteristic self-renewal capacity of
stem cells; during metamorphosis many lineages undergo pro-
grammed cell death (apoptosis), which we represent as a cross
(þ). Embryonic Stem Cells (ESCs) are pluripotent cells derived
from early cleavage embryos, and not likely present in solitary
ascidians due to highly deterministic development (Figs. 3 and
4A). Lineages that do not undergo apoptosis during metamor-
phosis and contribute to tissues and organs in the adult, are
referred to as either precursor cells if they do not have the ability
to self-renew, or progenitor stem cells if they can self renew. The
latter juvenile/adult stem cell lineages can either be multipotent
or unipotent stem cells. Multipotent stem cells have the ability to
self renew and develop into multiple tissues or differentiated cell
types, such as hematopoietic progenitor cells that develop into
different types of blood cells (Seita and Weissman, 2010; Wright,
1981). Unipotent stem cells have the ability to self renew and
develop into one tissue type or differentiated cell type, such as the
Fig. 4. Models of regulation of cell lineages and stem cells in solitary and colonial ascidians. All models have been adapted from the cell lineage known for solitary
ascidians shown in Fig. 2A; only lineages that persist through adulthood are colored corresponding to larval and juvenile tissue types. (A): Cell lineage in a solitary ascidian
with metamorphic apoptotic lineages (þ), and the four possible stem cell lineages with self-renewal ability (q) found in the adult. (B): Evolution of cell lineage type I in
colonial ascidians (hypothesized for the Botryllinae); In this model progenitor stem cells abandon their niches post-metamorphosis and begin circulating multipotent stem
cells in the bloodstream (proposed evolutionary change in green). (C): Evolution of cell lineage in type II in colonial ascidians (hypothesized for Polyandrocarpa); In this
model reprogramming of post-metamorphic committed cells and acquisition of some stem cells characteristics is required for the evolution of budding in this group
(proposed evolutionary changes in green). (D): Cell lineage in type III colonial ascidians (hypothesized for Perophora viridis); In this model an embryonic stem cell (ESC)
retains a stem cell character throughout development and becomes the source of stem cells for budding in this group (proposed evolutionary change in green). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Yuan and Yamashita, 2010). Fig. 4 shows lineages and stem cells
modiﬁcations overlaid on a simpliﬁed ascidian cell fate lineage, as
shown in Fig. 3.
We discuss three models of early cell lineage and stem cells
regulation in colonial ascidians that may have occurred during
the evolution of coloniality independently in different lineages.
Two of our models propose a change in the regulation of stem
cell lineages in post-metamorphic stages (models I and II;
Fig. 4B and C), and one proposes a change in the regulation of
lineage cell fate determination during early embryogenesis
(model III, Fig. 4D).
The origin of coloniality by means of cell lineage modiﬁcation
Model I (Fig. 4B) suggests that either one or many stem cell
progenitors in the juvenile/adult of a solitary ancestor become
circulatory. We hypothesize that this event may have occurred by
the escape from the ‘niche’ of one or a few stem cells into the
bloodstream of the animal. Consequently circulatory adult stem
cells may have allowed the evolution of budding types highlydependent on these cells as observed in peribranchial and vascular
budding in the Botryllinae (Fig. 2A and B). Model II (Fig. 4C)
suggests that committed precursor cells, and/or certain differen-
tiated cells can undergo reprogramming into self renewing stem
cells types which consequently can provide the source for new
asexual buds. Dedifferentiation and transdifferentiation of epithe-
lial cells has been suggested for the stolidobranch Polyandrocarpa
misakiensis and some aplousobranchs (Kawamura et al., 2008).
Model III (Fig. 4D) suggests the evolution of coloniality through the
appearance of a ‘stubborn’ embryonic cell that resisted cell fate
determining mechanisms and maintained its self-renewal abilities
throughout development, then became circulatory in the blood-
stream of the adult solitary ancestor. These pluripotent circulatory
embryonic stem cells (ESC) in the juvenile/adult ancestor conse-
quently became the source of progenitor stem cells required for
terminal (Fig. 2C) and stolonial budding (Figs. 1B and 2D). Stolonial
and terminal budding have been documented to require small
numbers of mesenchymal cells within the stolon for differentiation
(Freeman, 1964; Mukai et al., 1983). Evidence for the presence of a
morphologically distinct group of circulatory pluripotent lympho-
cyte-like cells with stem cells properties in the adult blood has
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1964). An embryo derived pluripotent stem cell in the blood of
adult colonial ascidians is most likely as progenitor cells embryonic
stem cells generally become restricted in their fate potentials
during development, and no evidence has been observed in species
with stolonial or terminal budding that serve as proof for dediffer-
entiation or transdifferentiation from adult tissues.
Testing the models of evolution of coloniality
Next, we discuss experimental approaches for our proposed
models in the Botryllinae and Polyandrocarpa misakiensis. For the
Botryllinae ascidians, evidence points to models I as the main
mechanisms of regulation in stem cell lineages during the evolu-
tion of budding. Botrillinae ascidians have the ability to fuse and to
form chimeras under the inﬂuence of an allorecognition locus
(Stoner and Weissman, 1996). Germline stem cells of ‘winner’
genotypes have been documented to parasitize all gonads of two
partner chimeras, even though somatic zooids of both ‘winner’ and
‘loser’ genotypes may propagate indeﬁnitely (Grosberg and Quinn,
1986; Sabbadin and Zaniolo, 1979; Stoner et al., 1999). We have
also shown germline parasitism of colonies that do not yet contain
mature gonads, thus providing evidence for an early speciﬁcation
of long-lived germline precursors in Botryllus schlosseri (Brown
et al., 2009b). Furthermore, expression of germ cell marker vasa in
early blastomeres, and vasa and nanos in adult cells within the
vasculature of B. schlosseri, B. primigenus, and Botrylloides violaceus
colonies supports this hypothesis (Brown and Swalla, 2007; Brown
et al., 2009b; Rosner et al., 2009; Sunanaga et al., 2008). Also, stem
cells from the blood of Botryllus schlosseri have been isolated by
ﬂuorescent activated cell sorting (FACS) methods utilizing endo-
genous metabolic properties of stem cells (Laird et al., 2005).
Finally, whole body regeneration of Botryllinae ascidians after the
extirpation of all zooids in the colony also points to the importance
of circulatory stem cells (Brown et al., 2009a; Rinkevich et al.,
2007; Voskoboynik et al., 2007). Stem cell markers found so far in
circulatory cells of the Botryllinae include Piwi (Brown et al.,
2009a; Rinkevich et al., 2010; Sunanaga et al., 2010), SoxB1
(unpublished), Raldh (Rinkevich et al., 2007), and Pl10 (Rosner
et al., 2006), however the speciﬁc association of these markers to
particular cell types remains obscure due to technical difﬁculties in
the generation traceable cell-lines. To distinguish between models
I or III, i.e., between adult multipotent/unipotent circulatory cells
vs. a pluripotent ESC respectively, the next challenge is to ﬁnd
suitable markers to sort the different circulatory stem cells of the
colony and prospectively test their rescue potential and cell fates in
irradiated colonies. Another alternative is to develop cell culture
techniques together with proper lineage determination markers to
follow differentiation of these cells. Efforts in developing markers
for the different cell types are currently in progress for Botryllus
schlosseri by whole genome and transcriptome analyses lead by Irv
Weissman and Ayelet Voskoboynik at Stanford University;
Anthony De Tomaso at U. California Santa Barbara, and Stefano
Tiozzo at the Observatoire Oceanologique Villefranche-sur-Mer. By
the use of an RNA sequencing approach, the transcriptomes of
FACS sorted adult progenitor stem cells could then be compared to
the transcriptome of sorted ESCs and larval progenitor stem cells.
We expect that if adult stem cells have a transcription proﬁle more
similar to ESCs and larval progenitor stem cells, Model III is
favored. If they have unique proﬁles more similar to multipotent/
unipotent stem cell lineages, Model I is favored.
In contrast, evidence mostly from Polyandrocarpa misakiensis
and Metandrocarpa taylori points to model II as the main regula-
tory event during the evolution of budding for this species. In
model II, cells of epithelial tissues in juvenile and adult colonies
have been found to reprogram and dedifferentiate, beginproliferation, then begin morphogenesis into other tissues via
retinoic acid signaling and its target gene tunicate retinoic acid
inducible modular protease (TRAMP) that promotes cell prolif-
eration and dedifferentiation of peribranchial epithelium cells
(Kawamura et al., 2008). Histological descriptions of tissue and
organ regeneration post partial ablations of zooids show that the
peribranchial epithelium of remnant zooids can transdifferentiate
into gut tissue (Kaneko et al., 2010). Therefore, differentiated
adult cells may be capable of dedifferentiating into progenitor
cells with ESC resemblance. It will be necessary to carefully label
the embryonic and larval progenitor cells to follow their fates in
adult tissues. We would hypothesize according to the current
model that all larval lineages would differentiate into adult
tissues, i.e., no circulatory stem cell. Further evidence for the
dedifferentiation or transdifferentiation of adult tissues needs to
be addressed in cell culture studies. Unfortunately all marine cell
cultures developed so far have had limitations and are usually
accompanied by high rates of contamination. The community
needs to ﬁnd appropriate culture conditions for marine cells by
studying the normal environment of these within each marine
organism to appropriate understand their culture conditions.
Different mechanisms of regulation have been proposed for
each of our models, yet it is possible that the evolution of
coloniality and budding in the Botryllinae, Polyandrocarpa misa-
kiensis, and other colonial ascidians may have occurred not as in a
single one of the models, but as in a combination of multiple
models. To test whether modular or gradual change in lineages has
evolved at each coloniality transition within the tunicates, further
comparative studies of development are needed. Insights into
major evolutionary changes are premature, however two feasible
short term experiments proposed here include: (1) Adult stem cell
transplantations between closely related colonial ascidian species,
that can avoid allogeneic reaction, but with differences in budding,
e.g., species that can be induced to regenerate complete zooids
under lab conditions (Botryllus schlosseri), species that repeatedly
regenerate complete zooids under natural conditions (Botryllus
primigenus), or species that contain non-transient zooids as adults,
and therefore have limited regeneration abilities compared to the
former two species (Symplegma spp.); (2) Disruption of stem cell
lineages can be performed across different species of adult ascidian
colonies by siRNA, to test whether blastogenesis (budding) of less
regenerative species (lower rates of budding) can be observed in
highly regenerating species (higher rates of budding), and as a
result reconstruct budding abilities between different species
in vitro. Nevertheless, these models serve as alternative, testable
hypotheses that will likely reveal additional levels of complexity in
the reconstruction of developmental mechanisms associated with
the evolution of coloniality.Conclusions
The evolution of coloniality in ascidians frequently results in
the miniaturization of individuals, brooding of embryos, an
increase in egg size, more cells divisions coupled to higher
differentiation of cells to reach the larval stage, less growth in
the larva to reach its ﬁnal individual size, and a shorter time in the
plankton for the larvae (Davidson et al., 2004). Miniaturization
within individuals is frequently observed during the evolution of
coloniality (Davidson et al., 2004) and may be an effect of the cost
related to the sequestration of cells involved in the propagation of
clonal individuals in the colony. We suggest that the increase in
egg size accompanying brooding allows changes in embryonic
and larval cell lineages, facilitating the evolution of new cell
types, including tissues for coordinating the colony and for
reproducing asexually by budding. Brooding also increases
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speciﬁcation. This cellular and developmental perspective on the
evolution of coloniality can be tested by the identiﬁcation and
characterization of stem cell lineages in colonial ascidians. We
predict that the developmental mechanisms of budding may be
different between colonial ascidian species, depending on which
cell lineage was selected for stem cells properties during the
evolution of coloniality. This is a unique mechanistic perspective
of life history evolution that is ready for testing experimentally.Acknowledgements
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